A dvanced age has been associated with a decreased ability to form new blood vessels in response to ischemia, 1 which results in higher rates of cardiovascular complications and diminished capacity for tissue regeneration. 2 Whether this is due to an intrinsic decline in the regenerative capacity of putative vascular progenitors or a decline in a proregenerative niche remains unclear. Adult neovascularization occurs by 2 distinct processes: angiogenesis (the sprouting of new blood vessels from preexisting ones) and vasculogenesis (the recruitment, proliferation, and assembly of bone marrow-derived endothelial progenitor cells [EPCs] into new vessels). 3 HIF-1␣ (hypoxia-inducible factor 1␣) is the transcription factor known to regulate both of these processes through mediators such as vascular endothelial growth factor (VEGF) and stromal cell-derived factor-1 (SDF-1␣). 4, 5 
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It has been postulated that aging results in a decline in progenitor cell function, also known as progenitor exhaustion. 6, 7 Current investigational stem cell therapies are based on replenishing this depleted supply of functional progenitor cells to areas of injury. Once delivered, it is hoped that progenitor cells will engraft at sites of injury and differentiate into native cell populations to regenerate tissue; however, clinical trials attempting to replenish progenitor cells after myocardial infarction have been disappointing and have often failed to maintain any lasting benefit. 8 -10 The inability to retain progenitor cells in the injured myocardium 10 suggests that administration of progenitor cells alone is insufficient for tissue repair.
Thus, we hypothesized that defects in neovascularization are not due to a lack of functional EPCs but to the body's diminished ability to recruit EPCs to sites of injury. We have previously shown that SDF-1␣ plays an important role in the recruitment of EPCs to sites of ischemia. 4 Given that hematopoietic, endothelial, neural, and skeletal/smooth muscle progenitor cells 11, 12 all respond to SDF-1␣, we propose that deficits in SDF-1␣ expression may represent a significant mechanism for globally impaired tissue regeneration in the aged population.
In the present study, we investigated the inherent function of young and aged EPCs to respond to an ischemic insult. We studied the effects of SDF-1␣ stimulation of EPCs, as well as the host's ability to upregulate SDF-1␣ signaling in vivo and in vitro. Furthermore, we investigated the role of HIF-1␣ and prolyl hydroxylases (PHD 1, 2, and 3) on SDF-1␣ expression. Finally, we used deferoxamine (DFO), a known HIF-1␣ stabilizer, to restore the "young" environment in aged mice and reverse age-related complications.
Methods

Mouse Ischemia Model
Young (4 to 6 months, Jackson Laboratories, Bar Harbor, Me) and aged (18 to 24 months, National Institute of Aging, Bethesda, Md) C57/BL6 mice underwent ischemic flap surgery in accordance with the guidelines of the New York University and Stanford University institutional animal care and use committees. Briefly, a peninsular skin flap (2.5ϫ1.25 cm) was elevated dorsally and resutured after a silicone sheet was placed between the flap and wound bed. This created a reproducible ischemic gradient confirmed by color laser Doppler (Moor Instruments, Devon, United Kingdom) and oxygensensing probe measurements (Oxford Optronix, Oxford, United Kingdom). 4 (See the online-only Data Supplement for an expanded Methods section.)
Mouse EPC Mobilization Assay
Peripheral blood was obtained from young (nϭ5) and aged (nϭ5) mice, and erythrocytes were lysed with ammonium chloride and separated into pellets. Cells were then washed with PBS/EDTA and sorted by multichannel fluorescence-activated cell sorting for phycoerythrin-labeled Flk-1(VEGFR-2; BD Pharmingen, San Jose, Calif) and FITC-labeled CD11b (BD Pharmingen). Mouse EPCs were identified as Flk-1 ϩ /CD11b Ϫ cells, and percent mobilization of cells was sorted as previously described 13, 14 (see online-only Data Supplement).
Mouse Neovascularization Assay
On postoperative day 14, mice (nϭ4 per group) were euthanized and flap sections harvested. Frozen sections were stained for CD31 (BD Pharmingen) as described previously. 14 
Mouse Bone Marrow Transplantation Model
Gender-mismatched bone marrow transplantations were performed in 4 groups of mice (nϭ5 per group): young donor/young recipient, young donor/aged recipient, aged donor/young recipient, and aged donor/aged recipient. Bone marrow was harvested from femurs and tibia of male mice. The buffy coat was isolated with Histopaque 1083 (Sigma-Aldrich, St Louis, Mo) and washed with PBS/EDTA, and 1ϫ10 6 cells in 200 L of DMEM (Gibco [Invitrogen], Carlsbad, Calif) were injected via the femoral vein into irradiated female mice (1.6 Gy for 1.5 minutes for 2 cycles). Animals were allowed 30 days to reconstitute.
Recruitment of Mouse EPCs to Ischemic Flap
Flap sections from bone marrow-transplanted animals were deparaffinized in Citrisolv (Fisher Scientific, Fairlawn, NJ). CD31-PE (BD Pharmingen) and Y-chromosome-FITC (Cambio, Cambridge, United Kingdom) costaining was performed as described previously 15 ; sections were counterstained with DAPI and examined under a multichannel fluorescent microscope (Olympus, Center Valley, Pa). Cells positive for CD31, Y chromosome, and DAPI markers were designated EPCs.
Deferoxamine Rescue of the Ischemic Flap
Deferoxamine (DFO; 10 mg/kg; Calbiochem, San Diego, Calif) was injected intraperitoneally into aged mice (nϭ4) 1 day before surgery and every other day. 16 On postoperative day 7, flaps were analyzed grossly and for CD31 ϩ staining and EPC mobilization as described above.
Enzyme-Linked Immunosorbent Assay
Quantikine human VEGF and murine SDF-1␣ ELISA kits (R&D Systems, Minneapolis, Minn) were used according to the manufacturer's instructions.
EPC Chemotaxis
EPC migration was evaluated with the NeuroPore transwell assay (8-m pore size) as described previously. 13 
Human EPC Proliferation
EPCs (1ϫ10 5 ) were plated in 12-well fibronectin-coated plates (nϭ12) and serum starved for 24 hours with media containing 0.5% FBS. A [ 3 H] thymidine incorporation assay was performed as described previously. 13 
Determination of Human EPC Peripheral Blood Population
Peripheral blood (60 mL), isolated from younger (nϭ18, 18 to 35 years old) and older (nϭ21, 68 to 95 years old) patients in accordance with the guidelines of the New York University institutional review board, was separated with Histopaque 1077 (SigmaAldrich). The buffy coat was washed with PBS/10% FBS. Cells were labeled with AC133-PE 17, 18 (Miltenyi Biotech, Auburn, Calif) and sorted by fluorescence-activated cell sorting as described previously. 13 
Cell Culture
Fibroblasts and endothelial cells were harvested from healthy younger (nϭ9, 18 to 35 years old) and older (nϭ7, 68 to 95 years old) patients undergoing melanoma excision in accordance with guidelines of the New York University institutional review board. Young and aged fibroblasts were also obtained from the National Institute on Aging's Coriell Institute cell repository in Camden, NJ. Tissue explants were digested with 0.07% Liberase III Blendzyme (Roche, Palo Alto, Calif), filtered through a 70-m nylon mesh, washed with PBS/0.2% BSA, and purified with CD31-coated magnetic beads. Endothelial cells were cultured on gelatin-coated plates in EGM-2 (Cambrex, East Rutherford, NJ). Unbound fibroblasts were cultured in DMEM (Gibco) with 10% FBS/1% antibiotics. Cultures were exposed to hypoxia (0.5% O 2 , 5% CO 2 ) or normoxia (21% O 2 , 5% CO 2 ) for 12 hours before protein and RNA harvesting. Cells obtained from the National Institute on Aging were grown in ␣MEM/15% FBS.
Primary murine fibroblasts were harvested in a similar fashion and subjected to hypoxia or normoxia and 100 mol/L DFO (Calbiochem) for 18 hours. For hydroxylated HIF-1␣ studies, 10 mol/L of the proteasome inhibitor MG132 (Peptides International, Louisville, Ky) was added, and protein and RNA were harvested. 
Western Blot
A total of 50 to 80 g of total protein extracted with RIPA buffer was separated on 7.5% SDS-PAGE, transferred to polyvinylidene difluoride membranes, and blocked with 5% milk/TBS with Tween. Protein detection was performed with primary antibodies HIF-1␣ (Novus, Littleton, Colo), PHD1 (Novus), PHD2 (Santa Cruz Biotechnology, Santa Cruz, Calif), PHD3 (Novus), and ␤-actin (Lab Vision, Fremont, Calif). Corresponding horseradish peroxidaselinked antibodies were used as the secondary antibody (Santa Cruz). Blots were developed with ECL reagent (Amersham, Piscataway, NJ) and exposed for 1 to 10 minutes on Kodak Biomax-MS film.
Luciferase Assay
A previously constructed murine SDF-1 luciferase reporter construct was created by cloning the 2-kilobase SDF-1 promoter into the pGL3-basic luciferase vector (Promega, Madison, Wis). The reporter plasmid was cotransfected with a constitutively expressed Renilla luciferase construct (pHRL-TK, Promega) into primary young and aged murine fibroblasts by use of the Lipofectamine Plus reagent (Invitrogen). Twenty-four hours after transfection, cells were incubated in hypoxia (1% O 2 ), normoxia, or normoxia with 100 mol/L DFO for 18 hours. Luciferase activity was determined with the Dual-Luciferase System (Promega), and data were normalized to Renilla luciferase expression from at least 4 independent experiments.
Statistical Analysis
All data are reported as meanϮSEM, with the exception of fold induction, percentage increase, and ratios, which are reported as meanϮSD. All in vitro cell experiments were repeated in triplicate, and all in vivo experiments (ischemic flap operations and bone marrow transplants) were performed with a minimum of 4 mice in each group. Statistical significance was evaluated with a paired Student t test or ANOVA, with PϽ0.05 considered significant.
The authors had full access to and take full responsibility for the integrity of the data. All authors have read and agree to the manuscript as written.
Results
Progenitor-Mediated Vascular Remodeling Is Impaired With Age
We examined the impact of aging on ischemia-induced vascular regeneration using a well-described soft tissue ischemia model. 4 Aged mice exhibited a marked impairment in tissue survival ( Figure 1A and 1B) and tissue oxygenation 7 days postoperatively compared with young mice (perfusion ratio 0.88Ϯ0.04 versus 0.58Ϯ0.07, PϽ0.005; Figure 1C ). Aged animals also exhibited a marked decrease in mobilization of systemic Flk-1 ϩ /CD11b Ϫ progenitor cells 13, 14 compared with young animals, which suggests a vasculogenesisspecific impairment with age (1.4Ϯ0.2% EPCs versus 0.4Ϯ0.1% EPCs, PϽ0.005; Figure 1D ), which also correlated with decreased vascular density (number of vessels in section B/number of vessels in section D per high-powered field: 1.96Ϯ0.24 versus 1.24Ϯ0.1, PϽ0.005; Figure 1E ).
To assess the impact of aging on the bone marrow compartment, ischemic flaps from age-matched and gendermismatched mice were analyzed for EPC-derived neovascularization. Colocalization of fluorescent in situ hybridization for the Y chromosome and phycoerythrin immunostaining for CD31 was used to determine the number of EPCs that incorporated into neovessels within ischemic tissue. A dramatic 5-fold reduction was observed in EPCs incorporated in vascular structures in aged versus young mice (28.8Ϯ4.4 Figure 1F ).
Lectin staining in situ also demonstrated patent vascular channels lined with EPCs (data not shown). 4 These data suggest that aging impairs neovascularization in ischemia by reducing bone marrow-mediated vasculogenesis, which results in decreased vascular density and overall tissue survival.
Intrinsic Function of Primitive Vascular Progenitors Is Relatively Preserved With Age
It has been suggested that the observed impairments in vasculogenesis with age are due to "progenitor exhaustion." 6, 7 However, examination of the mouse bone marrow compartment for primitive Sca-1 ϩ /c-kit ϩ /lin Ϫ (SKL) vascular progenitors, 19 thought to be a more primitive precursor of 
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EPCs, demonstrated no significant differences between young and aged animals (1470Ϯ475 versus 2220Ϯ272, PϾ0.05; Figure 2A ). Progenitor cell migration in vitro has been used to evaluate cell function and has been correlated with specific risk factors and severity of cardiovascular disease. 20, 21 Primitive bone marrow-derived SKL vascular progenitors purified from young and aged mice migrated in similar numbers toward an SDF-1␣ gradient (596Ϯ84 versus 560Ϯ159, PϾ0.05; Figure  2B ), which suggests that aged vascular progenitors functioned as well as their young counterparts.
To examine whether aged EPCs retained the ability to respond to an ischemic stimulus, systemic SDF-1␣ was administered intraperitoneally, and the number of mobilized EPCs was analyzed. Strikingly, both young and aged animals mobilized comparable numbers of EPCs (% mobilized: 1.30Ϯ0.16% versus 1.35Ϯ0.25%, PϾ0.05; Figure 2C ), which suggests not only that an adequate reservoir of EPCs exists in aged bone marrow but also that EPCs were capable of responding appropriately to a systemic stimulus. These findings further suggest that a defect in the signals necessary for EPC mobilization and recruitment may contribute in part or entirely to the decreased neovascularization seen with aging.
To confirm the human relevance of these findings, we examined the number and functional capacity of EPCs in healthy younger (nϭ18, mean age 25.7 years, range 18 to 35 years) and older (nϭ21, mean age 82.1 years, range 68 to 95 years) human subjects without evidence of cardiovascular disease, 22 diabetes mellitus, 20 or cholesterol-lowering statin therapy. 23 No significant difference was present in baseline numbers of circulating EPCs between younger and older patients presented as percentage of baseline circulating mononuclear cells (% baseline, 0.184Ϯ0.09% versus 0.183Ϯ0.010%, PϾ0.05; Figure 2D ). Likewise, no significant difference was present in EPC colony formation (19Ϯ8 versus 18Ϯ6 colonies, PϾ0.05; Figure 2E ), migration toward SDF-1␣ (604Ϯ103 versus 603Ϯ64 cells, PϾ0.05; Figure 2F ), or hypoxia-induced proliferation (2524Ϯ400 versus 1973Ϯ79 cells, PϾ0.05; Figure 2G ), which demonstrates that the intrinsic EPC function is preserved in humans with advancing age. Collectively, these data suggest that the decline in neovascularization that occurs with aging is not a consequence of decreased EPC number or function. 
Aging Neovascular Phenotype Corresponds With Altered Environmental Signals
To confirm the importance of progenitor depletion and peripheral tissue recruitment, we performed age-and gendermismatched reciprocal bone marrow transplantations, which yielded 2 control groups (young donor/young recipient and aged donor/aged recipient) and 2 experimental groups (young donor/aged recipient and aged donor/young recipient). Interestingly, aged bone marrow transplanted into a young ischemic environment demonstrated mobilization of aged EPCs comparable to that in young controls (1.42Ϯ0.34% versus 1.53Ϯ0.46%, PϾ0.05; Figure 3A ). This resulted in similar increases in tissue perfusion ratio (0.81Ϯ0.11 versus 0.84Ϯ0.03, PϾ0.05; Figure 3B ) and vascular density (number of vessels in section B/number of vessels in section D: 1.42Ϯ0.15 versus 1.56Ϯ0.25, PϾ0.05; Figure 3C ). The number of CD31 ϩ /Y-chromosome ϩ chimeric neovessels (Figure 3E ) was similar to that in young animal controls (23.4Ϯ3.1 versus 28.8Ϯ4.4, PϾ0.05; Figure 3D ), which demonstrates normal targeting and incorporation of aged EPCs into the host vasculature in response to ischemia.
Collectively, this adds further support to the theory that intrinsic EPC function remains intact even with aging given appropriate environmental signals.
However, young progenitors in an aged host exhibited marked deficiencies in mobilization from the bone marrow after an ischemic stimulus, similar to aged controls (0.41Ϯ0.04 versus 0.42Ϯ0.09, PϾ0.05; Figure 3A ). This resulted in markedly fewer CD31 ϩ /Y-chromosome ϩ chimeric neovessels (7.6Ϯ2.8 versus 5.2Ϯ1.2, PϾ0.05; Figure 3E ), reduced flap perfusion (0.57Ϯ0.05 versus 0.50Ϯ0.08, PϾ0.05), and decreased vessel density (0.92Ϯ0.08 versus 1.01Ϯ0.10, PϾ0.05; Figure 3B and 3C), similar to aged controls. Thus, these results also indicate the age-associated decline in vasculogenesis results from failure of peripheral tissues to generate a suitable signal for EPC recruitment rather than from primary EPC depletion or dysfunction.
Aging Impairs Systemic and Local Hypoxic Responses Required for Progenitor-Mediated Vascular Remodeling
We have previously demonstrated that SDF-1␣ is critical to EPC mobilization and trafficking to sites of neovasculariza- tion. 4, 24 HIF-1␣ mediates ischemia-induced SDF-1␣ expression, 4 and the ability to upregulate HIF-1␣ is thought to be impaired in aging. 25 ELISA demonstrated a significant reduction in SDF-1␣ protein in ischemic flaps harvested from aged animals (347.4Ϯ24.3% versus 52.1Ϯ32.2% in section B, PϽ0.005; Figure 4B ), which correlated with a marked decrease in HIF-1␣ protein stabilization ( Figure 4A ). Primary aged murine fibroblasts also demonstrated decreased HIF-1␣ expression compared with young cells ( Figure 4C ). This suggests that the observed deficiencies in SDF-1␣ within aged ischemic tissues may result from decreased HIF-1␣ stabilization.
These experiments were repeated in human microvascular endothelial cells and fibroblasts harvested from surgical specimens of healthy younger (nϭ9, age 18 to 35 years, mean 24.6 years) and older (nϭ7, age 68 to 95 years, mean 84.5 years) human subjects. Under hypoxia, aged human fibroblasts exhibited decreased HIF-1␣ stabilization ( Figure 4D, bottom) , which translated into a blunted ability to upregulate SDF- Figure 4D , top right). Although the fold increase was higher in aged cells, the very low baseline levels of VEGF in cells from older subjects greatly magnified small changes in VEGF levels. Even with hypoxic stimulation, VEGF levels in aged cells were below baseline levels in young cells.
Aging Increases HIF-1␣ Degradation Through Increased PHD Activity
To elucidate the mechanism for decreased HIF-1␣ stability in aged cells, we investigated the contribution of PHDs, which hydroxylate proline residues (p402 and p564) in the presence of oxygen and iron, 26 targeting HIF-1␣ for ubiquitinmediated proteasome degradation. 26 Additionally, HIF-1␣ function is mediated through the asparaginyl hydroxylase, factor-inhibiting HIF, which on hydroxylation of an asparagine group prevents the binding of the necessary transcriptional cofactor p300. 26 Primary aged murine fibroblasts demonstrated 170% to 250% higher baseline transcription of all hydroxylases compared with young controls (% increase aged/young: PHD1 171Ϯ10.7%, PHD2 253Ϯ41.6%, PHD3 215Ϯ39%; factorinhibiting HIF 257Ϯ43.9%; Figure 5A ), which correlated with decreased HIF-1␣ protein expression (data not shown). These data were further confirmed by examination of protein expression of PHD1, PHD2, and PHD3, which was also significantly higher in aged tissues ( Figure 5B through 5D) .
To establish the relevance of increased PHD levels with HIF-1␣ degradation in aging, we performed Western blots that specifically targeted the proline 564 residue. Because hydroxylated HIF-1␣ is degraded rapidly, the proteasome inhibitor MG132 was administered. Aged murine fibroblasts demonstrated increased levels of hydroxylated HIF-1␣ (Figure 5E ). In addition, although hypoxic conditions decreased levels of hydroxylated HIF-1␣ in aged cells, these levels never returned to the baseline levels seen in young cells ( Figure 5E ). This demonstrates that aged cells exhibit increased baseline PHD1-3 function and increased HIF-1␣ degradation.
DFO Promotes Ischemic Flap Survival Through Increased EPC Mobilization Via Increased HIF-1␣ and SDF-1␣ Levels
To demonstrate the causal importance of decreased HIF-1␣ stabilization in vascular defects observed with aging, we performed a rescue experiment. DFO inhibits PHD hydroxylation of HIF-1␣ proline residues through sequestration of iron, a necessary cofactor in the reaction. 16, 26, 27 Western blots on young and aged primary murine fibroblasts confirmed the ability of DFO to increase HIF-1␣ stabilization ( Figure 6A ) with downstream increases in SDF-1␣ and other HIFresponsive genes. Augmentation of HIF-1␣ stabilization with DFO in aged cells surpassed hypoxic HIF-1␣ stabilization in young cells (data not shown). Furthermore, although aged cells were unable to increase SDF-1␣ luciferase activity in hypoxia, DFO-treated aged cells demonstrated significant upregulation of luciferase activity that surpassed even that of young cells (fold induction 0.87Ϯ0.03 for aged, 1.67Ϯ0.09 for young, and 2.08Ϯ0.17 for agedϩDFO; Figure 6B ).
In vivo, mice were also treated with DFO. Fluorescenceactivated cell sorting analysis demonstrated a marked increase in systemic Flk-1 ϩ /CD11b Ϫ EPCs in DFO-treated aged mice compared with aged controls (1.43Ϯ0.08% versus 0.56Ϯ0.12% EPCs, PϽ0.02) and young controls ( Figure 6C ). This correlated with increased vascular density (1.96Ϯ0.24 versus 1.24Ϯ0.1 vessels in section B/vessels in section D per high-powered field, PϽ0.005; Figure 6D , left) and with significantly improved flap survival compared with their untreated aged counterparts, which approached the survival seen in young mice ( Figure 6E and 6F) . In contrast, we found no change in vascular density in normal skin (5.4Ϯ0.51 versus 4.8Ϯ0.38, PϾ0.05; Figure 6D , right) or serum SDF-1␣ and VEGF levels in DFO-treated animals (data not shown). These experiments confirm the well-established role of DFO to stabilize HIF-1␣ and reverse the age-related decline in HIF-1␣ and improve tissue survival.
Discussion
Progenitor-mediated regeneration occurs through differentiation of tissue-resident progenitor cells 28 or trafficking of bone marrow-derived progenitor cells 3, 29 to sites of injury. Both require the local environment to generate appropriate chemotactic signals and progenitor cells to respond appropriately. Recently, there has been speculation about the hypothesis that aging may result from primary progenitor cell dysfunction or exhaustion. 6, 7 However, it has been demonstrated that senescent bone marrow cells retain the capacity to repopulate depleted bone marrow over multiple successive generations, 30 which suggests that progenitor cells remain fully functional even with aging. In the present study, intrinsic EPC function and number remained intact both in humans and mouse model systems that used well-described assays of progenitor function. 4, 14 This led us to examine whether age-related defects in neovascularization could be attributed to a lack of hypoxia-induced signals necessary for EPC mobilization.
The repair and regeneration of the vascular system requires local vessel repair through angiogenesis and vasculogenesis. We have previously demonstrated that newly formed blood vessels in injured tissues can be composed entirely of EPCs. 13 It has also been proposed that bone marrow cells recruited to areas of neovascularization are perivascular recruited bone marrowderived circulating cells (RBCCs) that function as "helper" cells. These cells are postulated to augment neovascularization by secreting SDF-1␣ in response to upregulated local VEGF production. 31 Regardless of the mechanism or cell type recruited, it is clear that the process of vasculogenesis requires an elaborate cascade of signaling events capable of mobilizing, homing, and retaining these cells. In the present study, using our bone marrow transplantation model, we demonstrate that vasculogenesis is markedly reduced with aging.
During development, gradients of oxygen tension regulate gene expression and determine spatial patterns of tissue organization via specific chemokines and growth factors that guide primordial progenitor cells. 32 In the adult, these oxygen gradients result from injury rather than tissue growth and can be demonstrated experimentally by reorientation of blood vessels to align with decreasing oxygen tensions and increasing chemokine concentrations. 4, 13 Central to the process of angiogenesis is the ability of local cells to sense these conditions of hypoxia and stimulate VEGF production through stabilization of intracellular HIF-1␣, thus inducing migration of endothelial cells. 33 We have demonstrated that vasculogenesis functions in a similar fashion in which local cells increase HIF-1␣ stabilization, which leads to augmented SDF-1␣ production and EPC recruitment. 4 The present investigation into HIF-1␣ stability as a common mediator for both angiogenesis and vasculogenesis indicates that aging prevents upregulation of HIF-1␣ because of constitutively active PHDs that increase HIF-1␣ degradation. This is clearly demonstrated by the inability to stabilize HIF-1␣ even under hypoxia, which leads to decreased levels of SDF-1␣, impaired EPC mobilization, decreased vasculogenesis, and increased tissue necrosis. These data indicate an inability to mount a normal hypoxic response critical for the guidance and retention of reparative EPCs.
Interestingly, systemic administration of exogenous SDF-1␣ in aged animals promoted mobilization of EPCs but 34 who demonstrated no significant effect of DFO on human endothelial cells in the absence of ischemic coronary artery disease. The reasons for this are unclear, but recent work has examined the complex interplay between intracellular iron, PHD activity, and HIF stabilization 35 and suggests that iron becomes limiting only in conditions of low oxygen availability. 27 From this, one would predict that in vivo administration of DFO would not completely inhibit PHD function in normoxia but would linearly decrease PHD activity as oxygen availability decreases in the ischemic tissue, as we observed in the present study.
The findings of the present study have been confirmed by Rohrbach et al, 36 who demonstrated an upregulation of PHD3 in aged cardiac tissue; however, unlike the present study, they found no difference in PHD1 or PHD2 in aged tissues. This difference may be due to the well-described tissue specific alterations in PHD expression [37] [38] [39] or to differences in the classification of the younger and older groups. In the study by Rohrbach et al, 36 younger and older groups were 18 to 55 and 55 to 75 years old, respectively, whereas specimens in the present study were harvested from chronologically distinct groups at the extremes of age (18 to 35 years and 68 to 95 years, respectively). This may have provided a more robust determination of differences in PHD1 and PHD2. Nonetheless, their data corroborate the present findings that aging increases PHD-mediated HIF-1␣ degradation.
The precise mechanism for constitutively activated PHDs in aging remains unknown. Current theories of aging include cellular senescence, accumulation of somatic mutations that lead to cellular apoptosis, 40 and free radical accumulation that causes direct cellular damage. 40 One possible mechanism for the observed alteration in HIF-1␣ stability is through increased accumulation of reactive oxygen species with age. It has been shown the expression of PHDs, which are highly dependent on binding of oxygen to iron, 41 is enhanced by reactive oxygen species. 42 Therefore, it is possible that long-term exposure to reactive oxygen species may permanently upregulate PHD expression and function, thereby destabilizing HIF-1␣. The present data demonstrating increased levels of hydroxylated HIF-1␣ with aging support the idea that reactive oxygen species may indeed play a role in increased HIF-1␣ degradation.
The potential of stem cell-based therapies has led to an explosion in the number of clinical trials that use stem cells. 43 Using bone marrow cell transplantation, several phase I trials for the treatment of myocardial infarction have shown only modest results. 8, 9 Although these studies demonstrated shortterm improvements in cardiac function, these improvements could not be sustained. 10 Two possible explanations are the inability to retain stem cells in those areas and the complex temporal coordination between cell delivery and optimal chemokine production. 8, 10 The present demonstration of the dysfunctional hypoxia response in aged tissue with subsequent impairments in downstream gene expression (SDF-1␣ and VEGF) offers a potential explanation for the disappointing outcomes of clinical trials to date. Therefore, therapeutic interventions designed to restore the "young" hypoxic response may be a powerful strategy to prevent age-associated disease and functional decline by recruiting and retaining native or delivered stem cells to areas of injury.
